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SUMMARY 

An  inviscid  analytical  study  has  been  conducted  to  determine  the  upstream 
flow  perturbations  caused  by  placing  choke  bumps  in  a  wind  tunnel. A computer 
program  based on the  stream-tube  curvature  method  was  used  to  calculate  the 
resulting  flow  fields  for  a  nominal  free-stream  Mach  number  range  of 0.6 to 0.9. 
The  choke  bump  geometry  was  also  varied  to  investigate  the  effect  of  bump  shape 
on the  disturbance  produced. 

Results  from  the  study  indicate  that  a  region  of  significant  variation  from 
the  free-stream  conditions  exists  upstream  of  the  throat  of  the  tunnel.  The 
greatest  upstream  disturbance  distance  generally  occurred  along  the  tunnel  center 
line  and  extended  from  a  minimum of about 0.25 tunnel  height  ahead  of  the  throat 
to  a  maximum  of  about 2.0 tunnel  heights  for  the  cases  considered.  The  extent 
of  the  disturbance  region  was, as  a  rule,  dependent  on  Mach number  and  the  geom- 
etry  of  the  choke  bump. In  general,  the  upstream  disturbance  distance  decreased 
for  increasing  nominal  free-stream  Mach  number  and  for  decreasing  length-to- 
height  ratio  of  the  bump.  A  polynomial-curve  choke  bump  usually  produced  less 
of  a  disturbance  than  did  a  circular-arc  bump,  and  going  to  an  axisymmetric  con- 
figuration  (modeling  choke  bumps on  all  the  tunnel  walls)  generally  resulted  in 
a  lower  upstream  disturbance  distance  than  with  the  corresponding  two-dimensional 
case.  Finally,  for  some  of  the  circular-arc  configurations,  certain  flow  param- 
eters  could  be  estimated  by  using  the  throat  geometry. 

INTRODUCTION 

In general,  the  noise  level  in  the  test  sections  of  high  subsonic  and  tran- 
sonic  wind  tunnels  has  been  observed  to  be  high.  (See  ref. 1.) This  disturbance 
level  can  affect  the  quality  of  aerodynamic  measurements  taken  during  testing  at 
these  Mach  numbers  and  could  actually  prevent  certain  experiments,  such  as  lami- 
nar  flow  control,  from  being  successfully  carried  out. A specific  example  is  the 
planned  large-chord  swept-wing  laminar  flow  control  experiment  to  be  conducted 
in  the  Langley  8-Foot  Transonic  Pressure  Tunnel.  The  current  disturbance  level 
in  the  test  section  is  too  high;  therefore,  a few  methods  of  reducing  the  noise 
level  have  been  proposed.  One of these  solutions,  choking  the  tunnel  at  the 
downstream  end  of  the  test  section,  was  the  impetus  for  conducting  this  study. 

A  large  portion  of  the  noise  in  the  test  section  at  higher  Mach  numbers  has 
been  attributed  to  the  diffuser  section  of  the  tunnel. A recent  study  (ref. 21,  
done  in  the  Langley  8-Foot  Transonic  Pressure  Tunnel,  has  shown  that  choking  the 
tunnel  at  the  downstream  end  of  the  test  section  produced  a  significant  reduction 
in  the  overall  noise  level  in  the  test  section. The  choking  was  accomplished  by 
adding  bumps  (circular-arc  shaped  plates)  to  the  walls,  which  reduced  the  tunnel 
area,  accelerated  the  flow  to  supersonic  Mach  numbers,  and  thereby  prevented 
diffuser  noise  from  propagating  upstream. The  bumps  themselves,  however,  produce 
a  perturbation  to  the  uniform  flow  forward of their  location  which  could 
adversely  affect  the  test-section  flow  quality. The magnitude  and  extent  of  this 



p e r t u r b a t i o n   m u s t   t h e r e f o r e   b e  known to i n s u r e  proper p o s i t i o n i n g  of t h e  bumps 
i n   t h e   t u n n e l .  The rearward   p lacement  of t h e  bumps is l i m i t e d  by t h e  wall a n g l e s  
r equ i r ed   on   t he   back   s ide   o f   t he  bump to f a i r  b a c k   i n t o   t h e   t u n n e l   d i f f u s e r  sec- 
t i o n .   I f   t h e  wall a n g l e s   b e h i n d   t h e  bump are too l a r g e ,   t h e   b o u n d a r y   l a y e r  may 
separate i n   t h i s   r e g i o n ,   w h i c h   c o u l d  create a d d i t i o n a l   p r o b l e m s   i n   t h e  wind  tun- 
nel .   Forward  placement  of t h e  bumps is l i m i t e d   b y   t h e   r e q u i r e m e n t   f o r   u n i f o r m  
f low a t  t h e   m o d e l   l o c a t i o n .  From t h e s e   c o n s i d e r a t i o n s ,  a l o c a t i o n  a t  t h e  rear of 
t h e  test s e c t i o n  is t h e  most d e s i r a b l e .  

An i n v i s c i d   a n a l y t i c a l   s t u d y  was t h e r e f o r e   c o n d u c t e d  to d e t e r m i n e   t h e  
ups t r eam  in f luence   o f   choke  bumps f o r  a Mach number r a n g e   o f  0.6 to  0.9. T h i s  
s t u d y  was made by us ing  a computer  program  which is based   on   the   s t ream-tube  
c u r v a t u r e   m e t h o d   ( r e f s .  3 and 4 ) .  This   p rogram is a b l e  to calculate the   mixed  
s u b s o n i c - s u p e r s o n i c   i n t e r n a l   f l o w s   e n c o u n t e r e d   i n   t h i s   p r o b l e m .  The geometry 
of the   choke  bump was s y s t e m a t i c a l l y   v a r i e d  to e x a m i n e   t h e   e f f e c t   o f   s h a p e   o n  
t h e   d i s t u r b a n c e   p r o d u c e d .  
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SYMBOLS 

t u n n e l  area d i v i d e d  by t h r o a t  area 

w a l l   c u r v a t u r e  a t  t h e   t u n n e l   t h r o a t ,   l / m e t e r s  

t u n n e l   h e i g h t  (or d i a m e t e r )   a t   t h e   e n t r a n c e ,  ,meters 

choke bump h e i g h t ,  meters 

choke bump l e n g t h ,  meters 

local Mach number 

nominal   f ree-s t ream Mach number 

actual f r e e - s t r e a m  Mach number 

="Moo 

A c t u a l  mass - f low  r a t e  

Idea l   mass - f low rate  
mass-flow d e f i c i t ,  1 - 

local  v e l o c i t y   d i v i d e d  by speed of sound a t  M = 1 

streamwise c o o r d i n a t e ,   o r i g i n  a t  t u n n e l   t h r o a t ,  meters 

coord ina te   normal  to t u n n e l   c e n t e r   l i n e ,   o r i g i n  a t  c e n t e r   l i n e ,  meters 

t u n n e l   h a l f - h e i g h t  (or r a d i u s )   a t   t h r o a t ,  meters 



Subscripts: 

Q value  at  tunnel  center  line 

W value  at  tunnel  wall 

APPROACH 

The  computer  program  used  in  this  study  was  the  stream-tube  curvature  pro- 
gram,  which  is  described  in  detail  in  references 3 and 4.  It  was  chosen  mainly 
because of its  ability  to  handle  mixed  subsonic-supersonic  flow  inside  of  two- 
dimensional  and  axisymmetric  ducts  of  arbitrary  shape.  The  program  at  times 
encounters  some  difficulty  in  regions  where  the  velocity  is  very  close  to  the 
speed  of  sound,  but  this  difficulty  seems  to  have  little  effect on the  regions 
of  interest  upstream  of  the  throat. 

This study  was  conducted  by  using  only  the  inviscid  calculations  from  the 
program.  Although  it  is  recognized  that  viscous  effects  may  become  important  in 
some  of  the  cases,  some  difficulties  were  encountered  in  applying  the  boundary- 
layer  option  in  the  program  and  in  trying  to  define  the  levels  of  perturbation 
to  the  free  stream.  It  is  believed  that  the  inviscid  results  should  give  a  good 
indication  of  the  extent  of  the  disturbances  in  most  of  the  cases. 

The program  generates  a  calculation  grid  that  is  approximately  aligned  along 
and  normal  to  the  streamlines  for  the  given  flow. It then  moves  the  grid  points 
to  adjust  the  area,  and  therefore  the  velocity, for each  stream  tube  while 
maintaining  a  given  total  mass-flow  rate.  These  velocities  must  also  match  the 
cross-stream  velocity  gradients  imposed  by  the  curvature  of  the  streamlines. The 
final  grid  in  a  converged  run  should,  therefore,  fairly  accurately  represent  the 
actual  streamline  pattern  for  the  flow.  This  alignment  allows  the  program  to 
calculate  transonic  flows  fairly  easily  since  the  cross-derivative  terms  are 
eliminated  from  the  equations  of  motion.  An  example  of  a  final  calculation  grid 
is  shown  in  figure 1 .  Note  that  the  mesh  spacing is smaller  in  the  region of the 
throat,  where  the  velocity  gradients  are  higher.  Computer  run  times  averaged 
about 150 CPU  seconds  on  the  Control  Data  CYBER 175 computer  system. 

Two important  program  options  that  were  utilized  for  the  runs  in  this  study 
were  the  choice  of  subsonic or supersonic  flow  downstream  of  the  throat  created 
by  the  choke  bumps  and  the  automatic  adjustment  of  the  total  mass-flow  rate 
to  match  the  mass-flow  rate  required  for  choking  the  tunnel. The  first  option 
allows  the  user  to  specify  that,  if  the  flow  chokes,  the  Mach  numbers  downstream 
of  the  throat  will  increase  for  increasing  stream-tube  area. This  option  will 
cause  the  supersonic  region  to  extend  across  the  entire  tunnel,  which  is  the 
desired  situation  for  the  prevention of the  disturbances  from  traveling  upstream 
through  the  throat. This  is  also  physically  what  will  happen  in  a  tunnel  when 
the  pressure  downstream  of  the  throat  is  sufficiently  low. 

The second  option,  which  allows  an  automatic  adjustment  of  the  mass-flow 
rate  to  match  the  maximum  flow  rate,  was  found  to  be  very  useful.  The  bump 
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heights  required  to  choke  the flow at  the  given  free-stream  Mach  numbers  were 
calculated  using  one-dimensional  isentropic  relations.  Using  these  relations 
implies  a  uniform  Mach  number of 1 .0  across  the  throat  and  the  maximum 
mass-flow  rate  for  the  given  stagnation  conditions. The  actual  flow  is two- 
dimensional,  though,  with  a  supersonic  Mach  number  at  the  wall  of  the  throat 
and  a  subsonic  Mach  number  at  the  center  line. This  means  that  the  actual 
mass-flow  rate  through  the  throat  will  be  somewhat  less  than  the  ideal  maxi- 
mum. The  program  calculates  the  area  required  by  the  actual  mass  flow,  then 
adjusts  the  mass  flow  if  this  area  does  not  match  the  physical  area  of 
the  throat. This  feature  eliminated  the  need  for  multiple  runs  using  manual 
adjustment  of  the  flow  rate  and,  in  general,  aided  in  program  convergence. 

Since  the  mass-flow  rate  was  always  reduced  below  the  input  ideal  level 
value,  the  actual  free-stream  Mach  number  was  also  less  than  the  nominal  value. 
As seen  in  figure 2, this  reduction  was  fairly  small  except  for  a  few  cases 
at  Mnom = 0.9 ,  where  some  difficulties  with  program  convergence  were  experi- 
enced.  The  cases  that  have  a  large  deviation  from  the  nominal  Mach  number  (in 
particular,  the  axisymmetric  circular-arc  bump  with Z/h = 10 at  Mnom = 0 . 9 )  
should  not  be  used  for  comparison  purposes  but  may  be  useful  in  indicating 
approximate  regions  of  upstream  disturbances.  The  cases  will  generally  be 
referred  to  by  their  nominal  free-stream  Mach  numbers. 

The  basic  computational  model  was  a  constant-area  tunnel  with  a  bump  added 
to  the  walls. The  bump  height  was  calculated  using  isentropic  relations so that 
the  flow  was  choked  in  an  equivalent  one-dimensional  channel  at  the  nominal  Mach 
number. This  calculation  resulted  in  eight  different  bump  heights,  one  for  each 
nominal  Mach  number  that  was  run  for  the  two-dimensional  and  axisymmetric  bump 
configurations.  Because  of  the  symmetry  involved  in  the  problem,  the  flow  field 
was  determined  only  from  the  center  line  of  the  tunnel  to  the  wall. A suffi- 
cient  length  of  tunnel  upstream  of  the  choke  bump  was  specified so that  the  uni- 
form  conditions  across  the  entrance  of  the  tunnel  were  maintained  for  at  least 
one  more  grid  station. The tunnel  was  continued  downstream  of  the  throat  in  such 
a  manner  that  the  flow  remained  supersonic  and  returned  to  a  fairly  uniform  state. 

Two basic  choke  bump  shapes  were  examined  in  this  study:  a  fifth-degree 
polynominal  curve  and  a  circular  arc.  These  shapes  were  chosen  because  they  are 
similar  to  choke  bumps  that  have  been or will  be  used  in  wind-tunnel  tests. The 
polynomial  curve  was  generated so that  it  had zero  slope  and  zero  curvature  at 
the  beginning,  thereby  it  would  fair  smoothly  into  the  wall.  This  curve  also  had 
zero  curvature  as  well  as  zero  slope  at  the  tunnel  throat.  The  maximum  angle  for 
the  polynomial  occurred  midway  between  the  beginning  of  the  curve  and  the  tun- 
nel  throat. The  circular-arc  curve  had  constant  curvature  from  the  beginning  of 
the  bump  to  the  tunnel  throat  and  had  its  maximum  angle  at  the  beginning  where  it 
intersected  the  tunnel  wall  to  form  a  stagnation  point.  Both  curves  continued 
in  a  symmetric  manner  for  a  short  distance  beyond  the  throat  then  were  faired 
back  into  the  tunnel  wall  at  a  distance  of 1 tunnel  height  past  the  minimum  area 
point. This  fairing  was  done by  the  program  and  simplified  the  calculations  by 
eliminating  the  rear  stagnation  point  for  the  circular  arc  and  the  higher  curva- 
ture  in  that  region  for  the  polynomial  curve.  Since  the  fairing  was  downstream 
of  the  throat  in  the  supersonic  region,  it  should  have  no  effect on the  flow  dis- 
turbances  upstream  of  the  choke  bump. 
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Each of t h e  two basic c u r v e s  was run  a t  v a l u e s  of Z/h o f  10 and 20 where 
1 is t h e   d i s t a n c e  from t h e   b e g i n n i n g   o f   t h e   c h o k e  bump to  t h e   t u n n e l   t h r o a t  
and h is t h e   h e i g h t   o f   t h e  bump f r o m   t h e   t u n n e l  wall. ( S e e   f i g  . 3 .) The 
s h o r t e r   c h o k e s   h a d   a n g l e s   a b o u t  twice as large a n d   c u r v a t u r e s   a b o u t   f o u r  times 
as l a r g e  as the   longer   chokes .   The  maximum a n g l e s  for t h e  t w o  c i r c u l a r - a r c  
chokes were 11.42O and 5.77O, and   t he  maximum a n g l e s  for t h e  two polynomial  
c u r v e s  were 10.62O  and 5.36O. E a c h   c o n f i g u r a t i o n  was run  as an axisymmetric as 
well as a two-dimensional   computat ional   model .   This   should  give some i n d i c a -  
t i o n  of t h e  effects of p u t t i n g   c h o k e  bumps on a l l  t h e   t u n n e l  walls as well as 
j u s t  two walls. 

For this s t u d y ,  Z/h was used as a v a r i a b l e  so t h a t   t h e   s h a p e s   w o u l d  be 
similar a t  a g i v e n  Z/h for d i f f e r e n t  Mach numbers. I f  a v a r i a b l e   c h o k e  bump 
t h a t  was to b e  effective over  a r a n g e   o f  Mach numbers was i n s t a l l e d   i n  a t u n n e l ,  
it would most l i k e l y   h a v e  a f i x e d   v a l u e  of 2. The parameter Z/h would  then 
no   l onge r   be   f i xed  for d i f f e r e n t  Mach numbers   bu t   would   vary   wi th   the   va lue   o f  
h r e q u i r e d  to choke   t he   t unne l .  

RESULTS AND DISCUSSION 

As p r e v i o u s l y   s t a t e d ,  t h e  s t ream-tube   curva ture   p rogram was selected for 
use  because of its a b i l i t y  to h a n d l e   t r a n s o n i c   i n t e r n a l   f l o w s .  Some t r a n s o n i c  
cases were i n c l u d e d  as examples   i n   r e f e rence   3 ,   bu t   none   o f   t hese  were similar 
to t h e   c o n f i g u r a t i o n s   o f   t h e   p r e s e n t   s t u d y .  I t  was t h e r e f o r e   d e c i d e d  to 
run  some test cases to check   t he  program r e s u l t s   a g a i n s t   a n   e x a c t   s o l u t i o n   f o r  
f l o w  through a c h o k e d   p a s s a g e .   O s w a t i t s c h   a n d   R o t h s t e i n   ( r e f .  5 )  c a l c u l a t e d  
t h e   v e l o c i t i e s   i n  a h y p e r b o l i c   c o n v e r g e n t - d i v e r g e n t   n o z z l e   w i t h   s u p e r s o n i c  flow 
downstream  of   the throat.  T h e i r   r e s u l t s   i n c l u d e  a " f i n a l   s o l u t i o n "   f o r  a t w o -  
d imens iona l   nozz le   and  a f i r s t   a p p r o x i m a t i o n   f o r   t h e  axisymmetric case. The 
cases having a wall c u r v a t u r e  a t  t h e   t h r o a t  of 0.2 times t h e   t h r o a t   h a l f - h e i g h t  
( i .e . ,  Cyt  = 0.2) were s e l e c t e d  for comparison. As shown i n   f i g u r e  4 ,  t h e  
v e l o c i t y  prof i les  calculated by the   s t ream-tube   curva ture   p rogram are i n   e x c e l -  
l e n t   a g r e e m e n t   w i t h  t h e  e x a c t   c a l c u l a t i o n s  for both  the  two-dimensional   and  axi-  
s y m m e t r i c   n o z z l e s .   T h e s e   r e s u l t s   i n d i c a t e  t h a t  the   s t r eam- tube   cu rva tu re  pro- 
gram is a d e q u a t e   f o r   t h e   s t u d y   o f  a tunne l   w i th   choke  bumps. 

Tunnel  hM Contours  

The v a r i a t i o n  of Mach number i n   t h e   t u n n e l  for t h e   v a r i o u s  choke bump con- 
f i g u r a t i o n s  is i l l u s t r a t e d   i n   f i g u r e s  5 th rough  8. The   con tour s  are shown 
for s e v e r a l   v a l u e s  of AM, d e f i n e d  as  AM = M - M,. Using AM i n s t e a d  of M 
to g e n e r a t e   t h e   c o n t o u r s   h e l p e d   r e d u c e   t h e   d i f f e r e n c e s   b e t w e e n   r u n s   d u e  to t h e  
v a r i a t i o n   i n  Mo,. A comparison was made of two r u n s   h a v i n g   t h e  same nominal 
Mach number bu t   conve rg ing  to s l i g h t l y   d i f f e r e n t   a c t u a l  free-stream Mach num- 
b e r s .  (A small c h a n g e   i n   t h e   i n i t i a l   i n p u t  of mass-flow rate c a u s e d   t h e  program 
to converge   a long  a s l i g h t l y   d i f f e r e n t   p a t h . )   T h i s   c o m p a r i s o n  showed t h a t   t h e  
AM-contour p a t t e r n s  for t h e  two r u n s  were t h e  same to t h e   a c c u r a c y  of t h e  plot- 
ter i n   t h e   r e g i o n s  of i n t e r e s t .   D i f f e r e n c e s  were n o t e d   i n   t h e   v i c i n i t y  of t h e  
s o n i c   l i n e   w h e r e   t h e  flow is v e r y   s e n s i t i v e  to c h a n g e s   i n  mass flow. S i n c e   t h e  
s h a p e   a n d   l o c a t i o n  of t h e   s o n i c   l i n e   d i d   v a r y ,  it is n o t   i n c l u d e d   i n   t h e  plots. 
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I II I 

The  general  appearance  of  the  contour  pattern  was  similar  for  all  the  cases 
that  were  run  (figs. 5 through 8 ) .  All  runs  had  the  Mach  numbers  near  the wall 
dropping  below M, as the  flow  approached  the  choke  bump.  The  minimum  Mach 
number  was  reached  at  the  stagnation  point  for  the  circular-arc  bump  and  in  the 
vicinity  of  the  maximum  negative  curvature  for  the  polynomial  curve.  The  flow 
then  accelerated  up  to  and  beyond  the  free-stream  Mach  number  as  it  went 
further  downstream. The  displacement  of  the  streamlines  towards  the  center  line 
due  to  the  bump  caused  the  Mach  numbers  in  the  center  of  the  tunnel  to  be 
greater  than  the  free-stream  Mach  number.  For  the  smaller  contour  values on the 
two-dimensional  plots,  the  contours for positive AM intersected  the  center  line 
about  the  same  distance  upstream  as  the  contours  for  negative bM of  the  same 
magnitude  intersected  the  wall  ahead  of  the  choke  bump. On the  plots  for  the 
axisymmetric  cases,  the  contours  for  positive AM went  farther  upstream  than  did 
the  contours  for  negative AM. In  most  cases,  the  contour  for AM = 0.1 was 
approximately  straight  across  the  tunnel.  This  line  was  not  well  defined  in  some 
of  the  higher  Mach  number  runs,  and  it  is  believed  that  program  convergence 
problems  contributed  to  this  condition.  Therefore,  the  contours  presented  use 
the  farthest  upstream  occurrences  of  the AM = 0.1 values. 

Center-Line  Perturbation  Levels 

Generally,  the  farthest  upstream  effect of a  given  perturbation  occurred on 
the  tunnel  center  line.  Since  the  center  line is also  the  approximate  location 
for  a  model  in  most  wind-tunnel  tests,  the  upstream  distance  along  this  line  for 
the  given  values  of Lh4 are  compared  for  the  various  configurations.  Figures 9 
and 10 show AH along  the  center  line  as  a  function  of  x/H,  the  distance 
upstream  of  the  throat  nondimensionalized  by  the  tunnel  height  (tunnel  diameter 
for  the  axisymmetric  cases).  Figure 9 gives  results  for  the  two-dimensional 
cases,  whereas  figure 10  gives  results  for  the  axisymmetric  cases,  with  each  plot 
representing  a  given  nominal  Mach  number. 

As  seen  in  figure  9(a),  for  a  given  length-to-height  ratio,  the  polynomial- 
curve  choke  bump  had  a  smaller  perturbation  level  at  a  given  distance  upstream 
than  did  the  circular-arc  choke  bump. This  probably  resulted  from  the  smaller 
wall  angles  and  reduced  thicknesses  which  occurred  over  the  forward  portion  of 
the  polynomial  curve  bump.  This  difference  in  geometry  between  the  two  bump 
shapes  would  cause  the  streamlines  to  be  displaced  less  towards  the  center  line 
at  a  given  distance  upstream,  resulting  in  lower  center-line  velocities,  for  the 
polynomial-curve  case.  The  advantage  of  the  polynomial  curve  over  the  circular 
arc  was  less  at  the  lower  length-to-height  ratio.  Changing 2/h from 20 to 10 
for  a  given  basic  shape  also  indicated  a  potential  benefit.  Even  though  this 
change  increased  the  thicknesses  and  wall  angles  for  the  front  of  the  bump, pos- 
sibly  increasing  the  perturbation  generated,  the  locations  of  these  points  were 
shifted  much  farther  downstream  and  more  than  compensated  for  any  such  effect. 
All  these  trends  were  also  true  for  Mnom = 0.7 and 0.8, as  shown  in f fgures 9 (b) 
and  9(c),  respectively,  although  the  stated  benefits  decreased  with  increasing 
Mach  number.  Figure  9(d)  shows  that,  at  a  nominal  Mach  number  of  0.9,  none  of 
the  configurations  was  significantly  better  than  any  other.  Some  reversals  in 
the  curves  are  apparent  for  the  higher  values  of AM at  this  Mach  number;  this 
is  believed  to  be  mainly  the  result  of  convergence  problems  in  the  program. 
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These  problems may  not allow  a  good  comparison of configurations but a  general 
idea of the upstream  distance for various  perturbation  levels at this  Mach 
number  can  be  obtained. 

Viscous  effects tend to  reduce  the  advantages mentioned. The  boundary  layer 
effectively  forms  a  fillet at the  leading  edge of the  circular arc, making 
it more  like the polynomial curve.  Also, as Z/h is reduced and angles on the 
bumps increase,  the boundary  layer in front of the bump wi1.l tend to thicken, 
increasing the effective  length  of the bump, and therefore, Z/h. 

It  can be seen in figure  10  that  the  trends  observed in the  two-dimensional 
cases  also held true for the  axisymmetric runs. The  magnitude of the  differences 
between  configurations  was  reduced by going to the axisymmetric  choke bumps. 
Also, for the  same  basic  shape  and length-to-height  ratio, the  axisymmetric con- 
figurations  generally  produced  a  smaller  disturbance  than  the two-dimensional 
cases at the  same  upstream distance. This is  due mainly  to  the  fact  that  a smal- 
ler bump  height  is  required  to  reach  a  given A/A* for the  axisymmetric  case 
compared  to the two-dimensional case.  For a  given length-to-height  ratio, a 
shorter  length  bump  will  therefore result. The  Mnom = 0.9 cases,  plotted in 
figure 10, show  almost  no  advantage  of  one  configuration over the other, as  was 
true for the  corresponding  two-dimensional runs. 

Region  of  Significant  Disturbance  Levels 

A variation in the free-stream Mach number of 0.001 should  have  no signifi- 
cant  effect  on  the  results  of wind-tunnel tests and  is about  the  accuracy of the 
measured  Mach number  for many tunnels. This value  of AM will  therefore be 
used as  a  basis for some further comparisons  between  configurations.  Figure 1 1  
shows the upstream  distance  (nondimensionalized by tunnel  height)  of  the inter- 
section of  the contour for AM = 0.001 with the  tunnel  center  line for different 
configurations and Mach numbers. For  Mach  numbers up to  Mnom = 0.8, the short 
polynomial-curve  choke bump  had the  shortest upstream disturbance  distance, fol- 
lowed by the  short  circular arc,  the  long polynomial curve,  and finally  the long 
circular arc. Above  Mnom = 0.8, the  lines are dashed in figure 1 1  to  indicate 
that  comparisons  between  configurations  may not  be  valid because of program con- 
vergence  problems  encountered in some  of  the  Mnom = 0.9 cases.  For the 
Mnom = 0.6 to 0.8 range,  using a  short  polynomial-curve  choke  bump  would  reduce 
the unacceptable  perturbation  region  to about  two-thirds  of  that generated by 
the long circular-arc  choke  bump at  any given  Mach number. A comparison  of fig- 
ure 1 1  (a)  with  figure 1 1  (b)  shows  that  additional  reductions  may be obtained by 
using the  axisymmetric  configuration.  The  unacceptable  region for the long  two- 
dimensional  circular-arc  cases  was  more  than  twice  as long, on the  average, as 
the  region for the  short  axisymmetric  polynomial-curve cases. 

Some  insight  into  the  reason for these  advantages may  be gained  from  the 
contour  plots (figs; 5 through 8). If  the  upstream  distance  to  the intersec- 
tion  of the AM = 0.001 contour  with  the  tunnel  center  line is measured  from 
the  intersection of the AM = 0.001 contour  with  the  tunnel  wall  instead 
of from  the throat, these  distances appear  similar  for the  different  configura- 
tions. Figure 12, which  plots (x/HI ~ ~ 0 . 0 0 1  )Q - (x/HI AM=O. 001 )w against  Mnom 
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for  all  the  configurations,  confirms  this.  The  distance  values  all  fall  within 
a  fairly  small  band  at  any  given  Mach  number,  and  even  between  Mach  numbers,  the 
variation  is  not  large:  this  would  indicate  that  the  primary  way  of  reducing  the 
upstream  disturbance  distance is to  move  the  point  at  which  the  Mach  number  of 
the  wall  reaccelerates  to  about  the  free-stream  value  as  close  to  the  throat  as 
possible. 

Flow Parameter  Estimation 

As  noted  before,  there  may  be  small  differences  between  runs  at  the  same 
nominal  Mach  number  because  of  the  program  converging  to  slightly  different 
actual  free-stream  Mach  numbers.  The  variation  of  the  actual  mass-flow  rate  from 
the  ideal  mass-flow  rate  generally  increased  with  increasing  maximum  curvature 
for  the  configurations.  In  an  attempt  to  estimate  the  correct  mass  flow  and  aid 
in  program  convergence,  the  parameter Cyt (the  curvature  at  the  throat  times 
the  tunnel  half-height  at  the  throat)  was  plotted  against  the  mass-flow  deficit 

given  by &I = 1 - . This  is  shown  in  figure 1  3 (a)  for  the 

circular  arc.  Since  the  curvature  at  the  throat  was  always  zero  for  the  polyno- 
mial  curve,  the  maximum  curvature  was  used  instead  of  the  throat  curvature,  with 
the  results  shown  in  figure 13 (b) . 

Actual  mass-flow  rate 
Ideal  mass-flow  rate 

For  values  of Cyt up  to  about 0.2, a  good  correlation  between  mass-flow 
deficit  and Cyt is  found  for  the  circular-arc  cases.  Below Cyt = 0.2, the 
mass-flow  deficit is closely  approximated  by 0.021 (Cy,) 92.  or value of 
Cyt greater  than 0.2, this  approximation  gave  a  larger  mass-flow  deficit  than 
actually  occurred  in  the  computer  results. It is  interesting  to  note  that 
when  the  results  from  the  two  hyperbolic  nozzle  test  cases  shown  in  figure  4 
were  plotted  in  figure 13(a), they  fell  very  close  to  the  circular-arc  values. 
No similar  correlation  was  evident  in  figure  13(b)  for  the  polynomial  curve. 
This  result  might  be  expected  since  the  maximum  curvature  occurred  at  a  fairly 
good  distance  from  the  throat  for  many  configurations. 

An  examination  of  the  throat  Mach  numbers  for  the  circular-arc  cases 
revealed  that,  for  values  of Cyt up  to  about 0.2, the  throat  Mach  number at 
the  wall  and  at  the  center  line  also  correlated  with  Cyt.  Figure 14 shows 
this  correlation,  with  the  solid  line  representing  the  estimates  for  the  two- 
dimensional  runs,  and  the  dashed  line  approximating  the  axisymmetric  runs.  The 
two-dimensional  results  were  approximated  by  using Mw = 1 + O.4Cyt - 0.1 (Cyt) 
and MQ = 1 - 0.2Cyt + 0.05 (Cy,) 2, and  the  axisymmetric  results  were  approxi- 
mated  by  using Mw = 1 + 0.3Cyt - 0.075 (Cy,) and MQ = 1 - 0.3Cyt + 0.2 (Cy,) 2. 
Once  again,  the  hyperbolic  nozzle  results  were  also  fairly  well  predicted  by 
using  the  approximations  for  the  circular  arc. 

It  was  found  that,  after  some  algebraic  manipulation  and  simplification, 
the  exact  solutions  formulated  by  Kliegel  and  Levine  (ref. 6 )  for  flow  through 
axisymmetric  nozzles  and  by  Hall  (ref. 7)  for  flow  through  two-dimensional 
nozzles  produced  similar  correlations  for  the  given  flow  parameters  with  the 
geometry  parameter Cyt (note  that Cyt is  given  as l/R in  refs. 6 and 7 ) .  
For  the  axisymmetric  nozzle,  the  throat  Mach  number  would  be  approximated  by 
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MQ = 1 - 0. 3Cyt + 0.296  (Cy,) and M, = 1 + 0.3Cyt - 0.1 44 (Cy,) 2, and  the 
mass-flow deficit would by given by Am = 0.0250  (Cy,) - 0.0335 (Cy,)  3. For 
the  two-dimensional nozzle, the  throat  Mach  numbers  would be approximated 
by M Q  = 1 - O.2Cyt + 0.140 (Cyt)2  and M, = 1 + 0.4Cyt - 0.154(C~~)~, with 
the mass-flow deficit  estimated by Ah = 0.0267  (Cy,) - 0.0300 (Cyt)3. For 
Cyt 2 0.2, these  approximations  give  results that  are  very  similar to the ones 
given by the  empirical  approximations;  this  adds further support  to the results 
of this study. 

SUMMARY OF  RESULTS 

An inviscid  study  was  made by using a  computer  program based on the stream- 
tube  curvature  method  to  determine  the  upstream  flow  perturbation  due  to plac- 
ing choke  bumps in a tunnel. The  computer  runs  were  made for a free-stream Mach 
number range  of 0.6 to 0.9, with both  two-dimensional  and axisymmetric  tunnel 
models. Several  choke  bump  shapes  were  analyzed  to  determine any effects  due  to 
geometry  on the magnitude  of  the  disturbance generated. The  main  results  of  this 
study  are summarized  as follows: 

1. For length-to-height ratio  (2/h) and bump  shape fixed,  the distance 
upstream of the  throat at which  a  significant  perturbation  (nominal  minus  actual 
free-stream Mach number AM of 0.001) Mach number would occur decreased  as  the 
nominal free-stream Mach number  increased. 

2. The  axisymmetric  choke  configurations  generally had a smaller  upstream 
disturbance  distance  than did the  corresponding  two-dimensional  configurations. 

3. The Z/h = 10  configurations  generally had a  smaller  upstream distur- 
bance  distance  than did the  corresponding Z/h = 20 configurations. 

4. The  polynomial-curve  configurations  generally had a smaller upstream dis- 
turbance  distance  than did the  corresponding circular-arc configurations. 

5. The  primary  means  of  reducing  the  upstream  disturbance  distance  appeared 
to be to  move  closer  to  the  throat the point  on the wall at which  the  Mach number 
reaccelerates  to  about  the  free-stream value. 

6. For  values of the  parameter Cyt (curvature at throat  times  tunnel half- 
height  at throat) up to  about 0.2, the mass-flow deficit and the  Mach  numbers at 
the wall and center  line of the throat, could be approximated, for the  circular- 
arc cases, as  functions  of Cyt. 

Finally,  viscous effects, which  were not included in this study, could be 
important for some  of  the  cases and would  probably tend to  reduce  some  of the 
configuration  advantages mentioned. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton,  VA  23665 
July 15, 1981 
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Figure 10.- Mach number variation along tunnel  center  line for axisymmetric cases. 
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Figure 11.- Location of bM = 0.001 perturbation  level along tunnel  center line. 
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Figure 12.- Relative location Of &I = 0.001 perturbation level along tunnel 
center  line. Flagged symbols are for axisymmetric cases. 
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Figure 13.- Correlation of mass-flow deficit with tunnel geometry 
parameter Cyt. 
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